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Dynamics of two-neutron transfer reactions with the Borromean nucleus6He
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Low-energy two-neutron transfer reactions with Borromean nuclei~like 6He) are shown to be an effective
instrument for studying both the structure of such nuclei and the dynamics of nuclear reactions with their
participation. A four-body model is developed to describe such two-nucleon transfer processes within the
distorted-wave Born approximation. A realistic three-body bound-state wave function of6He is used in the
calculations and the role of its spatial localization is thoroughly studied. In particular, it is found that the
‘‘dineutron’’ configuration of the6He nucleus gives the dominant contribution to the two-neutron transfer
cross sections. Detailed analysis of the dynamics of these reactions is carried out and the possibilities of using
multineutron transfer reactions for studying the structure of other exotic nuclei, in particular8He, are dis-
cussed.@S0556-2813~99!02009-9#

PACS number~s!: 25.60.Je, 24.10.Eq, 25.10.1s
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I. INTRODUCTION

During the last few years we have seen an increas
interest in studying the properties of radioactive drip-li
nuclei at lower beam energies. The variety of nuclear re
tion mechanisms at these energies and a growing availab
of theoretical models open for more detailed investigation
both the structure of exotic nuclei, the specific features
nuclear reactions induced by these nuclei, and their interp
The role of various reactions as ‘‘filters’’ for structural cha
acteristics, is of particular interest. Low-energy transfer
actions could allow us to get spectroscopical characteris
of short-lived nuclei, as has been previously done for sta
nuclei. A real ‘‘halo state’’ means not only a peripheral
located and spatially extended nucleon wave function
also a large value of its spectroscopic factor, i.e., large o
lap with respect to the ground/~a few low-lying! core states.
Note, as a further point of interest, that cosmological re
tions of nucleosynthesis, in which nuclei far from the stab
ity line play an important role, also take place at low~in fact,
sub-barrier! energies.

Among the halo neutron drip-line nuclei there are the v
interesting cases of the so-called Borromean nuclei con
ing of an inert core and two valence neutrons which can
bind to the core separately but only as a pair. It means
there are strong neutron-neutron correlations leading to
mation of a two-neutron halo structure observed in6He,
11Li, and 14Be.

The case of6He is of special interest both from the e
perimental and theoretical points of view. The6He nucleus
is notable for its constituents, a4He core which can be
treated as structureless with a great degree of confidence
two neutrons. Moreover, all potentials in the two-body su
channels are well defined in this case and theoretical pre
tions made within a three-body model should be rather ac
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rate. In particular, the ‘‘dineutron’’ and ‘‘cigarlike’’
configurations predicted for6He structure@1#, await a clear
experimental verification.

The available experimental data have not permitted c
clusions about the details of the spatial neutron halo struc
in 6He to be drawn. The data on the total reaction cro
section and the momentum distributions ofa particles and
neutrons obtained in fragmentation reactions~see, for ex-
ample, Ref.@2# and references therein! reflect mainly the
long tail of the 6He radial wave function. However, such
conclusion follows even from the fact that the neutron pair
6He is loosely bound. The study of the6Heb2 decay led the
authors of Ref.@3# to suggest a new mechanism for delay
deuteron emission which relies on the large overlap of6He
with the a particle and the ‘‘dineutron.’’

Transfer reactions have historically provided a good t
for studying structural parameters and spectroscopic fac
of simple nuclear configurations. Therefore, it appears na
ral to use such reactions also for testing the6He internal
wave function. Understanding the two-neutron correlatio
in the 6He nucleus could furthermore allow us to conclu
more definitely about the structure of other Borromean
clei and also about multiple Borromean nuclei such as8He,
10He, and so on.

The optimal choice of projectile energy depends on
reaction under study. In the case of slow collisio
(<5 MeV/nucleon) a strong channel coupling can sign
cantly complicate the reaction mechanism and prevent
use of direct theoretical models to obtain unambiguous c
clusions from the experimental data. For collision ener
approaching or even exceeding~in the c.m. frame! the
nuclear Fermi energy, the probability of transfer proces
becomes less and less. Thus, the energy region of 10
MeV/nucleon seems to be favorable to study multineut
transfer reactions induced by neutron-rich nuclei.

New experimental results have recently been obtaine
FLNR ~Dubna! for two-neutron transfer in collisions of6He
with 4He and 1H targets at beam energy of 151 MeV@4,5#.
©1999 The American Physical Society05-1
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In the present work we investigate the dynamics and spa
location of these two-neutron transfer reactions and ana
the available experimental data@4,5# with focus on new di-
rect information on the structure of the halo nucleus6He, in
particular, on the role of its dineutron configuration. In Se
II a four-body reaction approach is described along with
the quantities entering in the model~distorted waves, three
body bound-state wave functions, reaction form factors,
so on!. Comparison with experimental data on deuter
transfer in the reaction4He16Li˜6Li14He at 166 MeV
beam energy is also carried out to show the applicability
the developed model. In Sec. III the dynamics of 2n transfer
in the reaction6He14Hẽ 4He16He is investigated in de
tail. The reaction6He11H˜

4He13H is discussed in Sec. IV
and collision of 8He14He is discussed in Sec. V. Summa
and conclusions are presented in Sec. VI.

II. THE MODEL

In describing reactions with Borromean nuclei~like 6He
or 11Li) we may take advantage of their predominant fe
body structure, but we still have to consider the combin
motion of no less than four particles—targ
nucleus1projectile consisting of a core and two halo nuc
ons. We cannot yet solve this Schro¨dinger equation exactly
with realistic two-body interaction potentials. So, we need
use an approximation to calculate, for example, the cr
section of a process such as two-neutron transfer. The ch
of approximation depends on the incident energy. On
hand, at energies of 20 MeV/nucleon~and higher! the direct
reaction mechanisms should dominate for not so heavy
clei. It means, that a general approximation like t
distorted-wave Born approximation~DWBA! ~with well-
determined initial and final asymptotical states of the sys
and with realistic interactions between the colliding nucl!
should be applicable in this case. On the other ha
nucleon-nucleon collisions of the core nucleons are not
important in nucleus-nucleus interaction at these energ
and in reactions without target excitations we can treat ta
nucleus and core of the projectile as inert structureless
ticles. So, we restrict the number of degrees of freedom
considering a four-body system and restrict the reaction
namics to the contribution of only a one-step direct react
mechanism. Even in this case the calculation of the 2n trans-
fer cross section remains a very difficult problem.

A. The four-body system

Figure 1 shows the four-body system and all coordina
In particular, the two-nucleon transfer reaction can be writ
as

11@2~34!#˜@1~34!#12. ~1!

We treat the target nucleus~1! and the core~2! of the pro-
jectile as structureless particles not excited in the react
For Borromean nuclei~like 6He or 11Li) just the motion of
the two valence nucleons~3 and 4! is of especial interest. We
can use this four-body approach for some other project
also, such as6Li( 5a1p1n) or 18O~516O1n1n) and so
04460
al
ze

.
ll

d
n

f

-
d

o
s

ice
e

u-

m

d,
o
s,
et
r-
y

y-
n

s.
n

n.

s

on. In the entrance channel the coordinate set (x,yi ,Ri) is
most convenient because the three-body bound-state w
function of the projectile@2(3,4)#—C i

(234)(x,yi)—can be
calculated as solution of a three-body Schro¨dinger equation
by expanding over hyperspherical harmonics just in~x,y!
Jacobi-type coordinates@1#. In the two-nucleon transfer exi
channel, the corresponding coordinate set (x,yf ,Rf) will be
used to calculate the final bound-state wave funct
C f

(134)(x,yf). Neglecting the difference between neutron a
proton masses, we have the following connection betw
the coordinates in terms ofyi andRi :

Rf5
A1

A112 FRi2
2~A11A212!

A1~A212!
yi G ,

yf5Ri1
A2

A212
yi ,

R125Ri2
2

A212
yi . ~2!

B. Transition amplitude

Assuming that the two-nucleon transfer process at m
dium and higher energies proceeds mainly by the one-
direct reaction mechanism where the nucleons are transfe
simultaneously from the projectile ground state to a fin
state of the residual nucleus~ejectile!, we can write the tran-
sition amplitude in standard DWBA form

Tf i
DWBA~k f ,k i !5^xk f

(2)~Rf !C f
(134)~x,yf !uDVuC i

(234)~x,yi !

3xki

(1)~Ri !&. ~3!

Here x i , f
(6)(Ri , f) are the incoming and outgoing distorte

waves calculated with optical model~OM! potentials
Ui , f

OM(Ri , f),C i , f are the three-body bound states of the tra
ferred nucleons~3 and 4! with respect to the inert cores~2
and 1!, and the transfer interactionDV has one of the fol-
lowing forms ~post or prior representation!:

DVpost5V23~yi1x/2!1V24~yi2x/2!1V12~R12!2U f
OM~Rf !,

~4!

DVprior5V13~yf1x/2!1V14~yf2x/2!1V12~R12!2Ui
OM~Ri !.

~5!

FIG. 1. The coordinate system used in the calculation of
two-nucleon transfer cross section.@2~34!# is the projectile and 1 is
the target, 3 and 4 are the transferred nucleons.
5-2



e-
io
c
o

u
th
o
lc

ed
he

T
ss

s
-
e

in

on
er
gi

i

e
ng

e
le
ec
a
-
e
c

ibl
re

e
o
nu
n
ea
.

an-

dre
re
eri-

of

he
he
is-

lli-
e-
lei

iable
heir
eus
Fig.
we

-

x
-
ther

a
ly a
, in
in

re-
s-

the

ate
e-

e

s

le I.
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This DWBA transition amplitude is a nine-dimensional int
gral which takes into account the intrinsic three-body mot
in the projectile and ejectile and should be evaluated ac
rately to understand the influence of the internal structure
the loosely bound projectile on the reaction dynamics. Th
we may be able to obtain directly information concerning
internal structure of Borromean nuclei just from analysis
experimental two-neutron transfer cross sections. We ca
late this nine-dimensional integral explicitly~without any es-
sential simplifications! by integrating directly overx,yi , and
Ri , i.e., without partial wave decomposition of the distort
waves and using the full-recoil and finite-range form of t
transition amplitude~3!. There is some possibility for the
halo neutrons to be transferred sequentially, one by one.
DWBA two-step transition amplitude, giving more or le
the same angular distribution, is proportional to^DV&/^E&
compared with the amplitude of the direct process@10#. Here
^DV& is an average transfer interaction while^E& is an av-
erage energy in the intermediate channels. The amplitude
direct and sequential mechanisms of 2n transfer are compa
rable with each other in heavy-ion collisions at beam en
gies of 3–5 MeV/nucleon@10#. But the nature of the Bor-
romean nucleus itself~absence of two-body bound states
5He or 10Li, and strong neutron-neutron correlations! makes
us believe that the simultaneous transfer of both neutr
~neutron pair! is a major part of the two-neutron transf
reactions induced by the Borromean nuclei at beam ener
higher than 20 MeV/nucleon.

The differential cross section of the transfer reaction
given as follows:

ds f i

dV
~E,u!5

1

~2p!2

m im f

\4

kf

ki
•SfSi•uTf i~k f ,k i !u2, ~6!

wherem i ,m f are the reduced masses in the entrance and
channels, andSi ,Sf are the spectroscopic factors showi
the weights of these three-body configurations~i.e., inert
core plus two nucleons! in the ground state of the projectil
nucleus @2~3,4!# and in the formed state of the ejecti
@1~3,4!#, correspondingly. For a real halo nucleus this sp
troscopic factor should be close to unity. This is a necess
~but not sufficient! condition for formation of the halo struc
ture. Thus, a comparison of the absolute values of the exp
mental and calculated two-neutron transfer cross sections
already allow us to make a central conclusion: is it poss
or not to represent the nucleus under study in the th
cluster form—inert core plus two nucleons? For the6He
nucleus this seems natural due to the compacta-particle
core, but for heavier exotic nuclei~even the Borromean ones!
it should be tested separately.

More detailed analysis of the angular and energy dep
dence of the transfer cross section may help us to verify
assumptions about the internal structure of the colliding
clei, i.e., the spatial structure of the bound-state wave fu
tions C i , f(x,y), and to understand better some specific f
tures of the reaction dynamics with loosely bound nuclei
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C. Distorted waves

The three-dimensional distorted waves entering the tr
sition amplitude~3! were calculated within standard OM
code by summing the radial partial waves with the Legen
polynomials @6#. The corresponding OM parameters we
found by fitting the elastic-scattering cross section to exp
mental data~see below!. The amplitude of the wave function
describing elastic scattering of6He from 4He at the labora-
tory energy of 151 MeV is shown in Fig. 2. A plane wave
unit amplitude comes in from the left side~negativez values
in Fig. 2!, the OM potential is located at the zero point. T
imaginary part of the OM potential is responsible for t
absorption of the wave in the elastic channel at small d
tances~when the projectile penetrates into the target! and for
shadowing in the region behind the target nucleus. In co
sions of not very heavy nuclei, when the de Broglie wav
length of their relative motion is not so small and the nuc
do not behave like black~absolutely absorbing! spheres, the
trajectories deflected to negative angles make an apprec
contribution to the elastic-scattering cross section, and t
focusing on the beam axis just behind the target nucl
leads to a sharp increase of the wave function amplitude,
2. This effect should also be taken into account when
calculate the transition amplitude~3!.

Of course, an imaginary part of the OM potential~taken
local andl independent! simulates the withdrawal of incom
ing flux from the elastic channel~absorption! only in some
approximate way~reproducing decrease of the outgoing flu
in the elastic channel at infinity! and cannot describe cor
rectly a realistic channel coupling. It means that even a ra
good fitting to the elastic-scattering cross section with
given set of OM parameters cannot assure unambiguous
correct behavior of the distorted wave at small distances
particular, those focusing effects given by the trajectories
which the colliding nuclei pass through each other. The
fore, we should be careful with the contribution to the tran
fer cross section coming from the shadow regions of
distorted wavesxk

(6)(R).
Real and imaginary parts of the distorted waves oscill

rapidly in accordance with the value of the de Broglie wav
lengthl52p/ki , f of the ion-ion relative motion. Hence, w
have to use sufficiently small integration steps—DR!l,

FIG. 2. The wave-function amplitude for6He14He elastic scat-
tering at Elab5151 MeV. A plane wave of unit amplitude come
from the left~negativez values!. An optical potential of the volume
Woods-Saxon form was used with the parameter set 2 of Tab
The sum over 70 partial waves was done.
5-3
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RDu!l, andR sin(u)Dw!l—when calculating directly the
nine-dimensional transition amplitude integral. The real
sulting oscillations of the integrand~3! are determined by the
differencek i•Ri2k f•Rf @more exactly, by the difference o
the classical action functionsSi(k i•Ri)2Sf(k f•Rf) @7## and,
in fact, are much smaller at forward scattering angles@small
values of the effective transferred momentumqeff5k i
2 „A1 /(A112)…k f ]. But at backward angles~largeqeff val-
ues! the oscillations can be even larger than the oscillati
of the distorted waves themselves. These oscillations~radial
and angular! create difficulties in the calculation of the tran
sition amplitude, but the resulting angular distribution tur
out to be more transparent compared with the method
partial wave decomposition, due to a possibility to see a
compare directly the contributions coming to the cross s
tion from the different regions of three-dimensional spa
i.e., from the different spatial configurations of the four-bo
system~see below!.

D. Three-body bound-state wave functions

A deep understanding of the exotic genuine few-bo
structure of halo nuclei is still of prime interest. The structu
of nuclei far from the stability line~particularly those close
to the neutron drip line! is a main subject of investigations i
radioactive ion beam~RIB! experiments. For that purpose w
use accurately calculated three-body bound-state wave f
tions C i

(234)(x,y) from @1,8,9# for such nuclei as6Li, 6He,
11Li. In this approach the bound-state wave function is c
culated within a three-body model (core1N1N) using an
expansion over hyperspherical harmonics. It can be wri
in the following form:

CJM~x,y!5r25/2(
g

xg~r!cK
l xl y~a!

•@@Y l x
~ x̂! ^ Y l y

~ ŷ!#L ^ XS#JM

5(
g

(
mxMS

~LMLSMSuJM!

3~ l xmxl ymyuLML!•r25/2xg~r!cK
l xl y~a!

•Yl xmx
~ x̂!•Yl ymy

~ ŷ!•XS~MS!, ~7!

where (j 1m1 j 2m2u j 3m3) are Clebsh-Gordon coefficients
ML5M2MS , my5M2MS2mx , XS(MS) is the coupled
two-nucleon spin function (S50,1). The channel indices ar
g[ l x ,l y ,L,S,K, where K5 l x1 l y12n (n50,1,2,. . . ) is
the hypermoment. Polar angle-type variables are used w
r5Am34x

21m2(34)y
2 is the hyperradius, a

5arctg(Am34x/Am2(34)y) is the hyperangle,m3451/2 and
m2(34)52•A2 /(A212) (54/3 in the case of6He or 6Li) are
the reduced masses intrinsic of the two-nucleon pair and
two nucleons with respect to the core. The hyperangu
functions are

cK
l xl y~a!5CK

l xl y
•~sina! l x~cosa! l yPn

l x11/2,l y11/2
~cos 2a!,

~8!
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wherePn
tt8 is the Jakobi polynomial,CK

ll 8 a normalizing co-
efficient. The radial functionsxg(r) are obtained from nu-
merical solution of the three-body bound-state problem
duced to a set of coupled differential Schro¨dinger equations.
The details of these calculations can be found in@1,8#.

The binding energies of the nuclei can be reproduc
rather well in such calculations with realistic two-body inte
actions found from the phase analysis of the correspond
elastic scattering plus some renormalization@9#. The result-
ing wave function which has appropriate asymptotic beh
ior in all regions of six-dimensional space, takes into acco
the Pauli principle between the valence nucleons and
nucleons of the core, and predicts accurately the nuclea
dii. For the Borromean6He and 11Li nuclei the halo struc-
ture of their ground states were found to have a very
tended valence neutron density, much more extended
can be obtained in a shell-model picture.

In Fig. 3 the so-called spatial correlation density plot f
the ground state of6He is shown~three-dimensional and
topographical landscapes! in thex andy variables, wherex is
the distance between two valence neutrons andy is the dis-
tance from thea core to the (nn) center of mass

P~x,y!5x2
•y2

•E uC i
(234)~x,y!u2dVxdVy . ~9!

The correlation plot exhibits two prominent peaks:
‘‘dineutron’’like peak with the two valence neutrons locate
together outside thea particle (x,y), and a ‘‘cigarlike’’
peak with the valence neutrons positioned on opposite s
of the a particle (x.y). The corresponding configuration
are shown schematically in the inset of Fig. 3. The origin
these spatial configurations is connected with dominance
L5S50 motion in the 01 g.s. of 6He and with the Pauli
principle blocking thes motion ~occupied in thea core and
making the valence nucleons fill the 1p state in a shell-
model picture!. The difference in heights of the two compo
nents~Fig. 3! is mainly due to then-n interaction making the
dineutron configuration more probable. A ‘‘direct’’ exper
mental observation of this spatial two-component struct
of 6He which could determine relative weights of the dine
tron and ‘‘cigarlike’’ components is of great interest. Goo
understanding of the structure of the6He nucleus may help

FIG. 3. Spatial correlation density plot for the ground state
6He. x is the distance between two valence neutrons andy is the
distance from thea core to the (nn) center of mass. Dineutron an
cigarlike components are clearly present.
5-4
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DYNAMICS OF TWO-NEUTRON TRANSFER REACTIONS . . . PHYSICAL REVIEW C 60 044605
us to understand better also the structures of other loo
bound nuclei, including8He and 10He.

E. Expansion over harmonic oscillator states

The variables in the integrand of Eq.~3! can be partially
separated by decomposition of the initial and final bou
statesC i , f(x,yi , f) over some complete set of functions d
pending on their common variablex—the relative distance
between the two transferred nucleons. For this purpose
use a complete set of two nucleon relative motion wa
functions

$Fn5NlxmxSMS
~x!%5$ f Nlx

~x!•Yl xmx
~ x̂!•XS~MS!%, ~10!

where f Nlx
(x) are the radial three-dimensional harmonic o

cillator eigenfunctions.
Projecting the three-body wave function~7! on these two-

nucleon states we obtain

CJM~x,y!5(
n

Fn~x!Fn
JM~y!, ~11!

where

Fn
JM~y!5(

Ll y
~LMLSMSuJM!

3~ l xmxl ymyuLML!•fNlxS(Ll y)~y!•Yl ymy
~ ŷ!,

~12!

and where

fNlxS(Ll y)~y!

5 (
K5 l x1 l y12n

E
0

`

f Nlx
~x!•@r25/2xg~r!cK

l xl y~a!#x2dx

~13!

are the radial overlap integrals which have to be calcula
numerically. The functionsfNlxS(Ll y)(y) describe the relative
motion of the center of mass of the two nucleons in the fi
of the core.

The oscillator wave functions depend on only one para
eter, the ranger 05A(3/2)(\/mv). In principle, any set of
oscillator eigenfunctionsf Nlx

(x) can be used~due to formal
completeness of a set!, but in practice we chose the oscillato
range, i.e.,\v, in such a way that the rms two-nucleon sep
ration in the ground state (Nlx500) is close to the value
extracted for the the projectile from a realistic three-bo
calculation~for 6He, for example,x̄nn;4.5 fm @1#!. In this
case the series overn in Eq. ~11! converges very fast an
only a few components need to be kept in the sum to
scribe sufficiently well the main properties of the bound-st
wave function. The norm of the functionFn(y) serves as a
criterion for the truncation in Eq.~11!, and the residual term
have to provide the total normalization ofCJM(x,y) close to
unity.
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For some nuclei the expansions~11! and ~12! turn out to
be very simple. In particular, the ground state of6He has
Jp501 and the total orbital momentumL has only two val-
ues L50(S50) and L51(S51). Moreover, due to strict
antisymmetry between the two valence nucleons the orb
momental x and l y ~corresponding to the relative n-n motio
and to the motion of their center of mass with respect to
a core! have to be equal (l x5 l y) and to have a parity equa
to the parity of totalL @1#. Thus, in fact, there is no summin
over L,l y in Eq. ~12!. It was shown that the componen
SLlx5(000) brings about 84% to the total normalization
CJM(x,y) and the componentSLlx5(111)—about 13.5%
@1#. We found that four components of the decompositi
~11!—those withNlxS5(000),(200),(400), and~111!—are
enough to give 92% to the total normalization of6He,
ground-state wave function. These components are show
Fig. 4. The componentfNlxS(Ll y)5000(00) dominates and

looks like the pure 2s state of (nn)-a relative motion used
in the first simplified estimation of the two-neutron transf
reaction@4#. Note, that all the functionsfn(y) have an ap-
propriate asymptotic behavior;exp(2ky)/y at y@x,
where k5A2m2(34)Esep/\

2 and Esep is the two-nucleon
separation energy.

Substituting expansion~11! into Eq.~3! we write the tran-
sition amplitude in the form

Tf i
DWBA~k f ,k i !5 (

n8,n
^xk f

(2)~Rf !•F
n8

Jf M f~yf !3uDVn8,n~yf ,yi !u

3Fn
Ji Mi~yi !•xki

(1)~Ri !&, ~14!

where

DVn8,n~yf ,yi !5E f N8 l
x8
~x!Yl

x8m
x8

* ~ x̂!XS8
†

~MS8!•DV• f Nlx
~x!

3Yl xmx
~ x̂!XS~MS!d3x ~15!

FIG. 4. Decomposition of the6He bound-state wave function
corresponding to the relative motion of the two-neutron pair ana
core—see Eq.~13! of the text. The curves 1–4 correspond to sta
with quantum numbersN,l x ,S5(000), ~200!, ~400!, and~111!.
5-5
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and where the interactionDV is chosen in the post Eq.~4! or
prior Eq. ~5! representation. Neglecting spin-orbital intera
tion in DV we haveDVn8,n;dSS8dMSM

S8
. If the spinsJi ,Jf

are not equal to zero, summation overM f and averaging ove
Mi have to be done in the cross section~6!.

F. Reaction form-factor

As can be seen from Eq.~14! the process of two-nucleo
transfer is determined by the distorted waves in the entra
and exit channelsxki , f

(6)(Ri , f) and by the nonlocal form facto

of the reaction,

F~yf ,yi !5 (
n8,n

F
n8

Jf M f~yf !DVn8,n~yf ,yi !Fn
Ji Mi~yi !.

~16!

In heavy-ion collisions, when the masses of the heavy co
are much greater then the transferred mass (A1 ,A2@2), the
so-called no-recoil approximation can be used~see, for ex-
ample, @10#!. In this case Ri'R12, Rf' @A1 /(A1
12)# R12, and the integration overyi in Eqs.~14! and ~16!
can be performed independently ofRi . Now the reaction
form factor depends only on one variableR125yf2yi , and
the transition amplitude~14! is reduced to an easily calcu
lated three-dimensional integral. We intend to apply our
proach for a description of two-nucleon transfer proces
with light ions, such reactions as6He14He, 6He11H,
8He14He, and so on. Therefore, we cannot use the no-re
approximation in any form and have to calculate the s
dimensional integral~14! with the nonlocal form factor~16!
directly without further simplifications.

The behavior of the form factor~16! in two-dimensional
space can be understood better from Fig. 5, where it is sh
for the two-neutron transfer reaction4He~6He,4He!6He. For
simplicity, only the main component of the6He ground state

FIG. 5. The form-factor of the two-neutron transf
reaction 4He~6He,4He!6He: Sn8,nFn8(y8)DVn8n(y)Fn(y)•y2,n8,n
(5NlxS)5(000), ~200!, and~400!.
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with L,S50,0 was taken into account and only the ‘‘strip
ping’’ part of the post-representation interactionV23(yi
1 x/2)1V24(yi2 x/22! was used in Eq.~15! to calculate the
form factor ~16!. In this case we can restrict the sum ov
n8,n to l x5 l x850, andF(yf ,yi) does not depend on the or
entations of the vectorsyf ,yi , but only on their lengths.
Taking into account the three-dimensional integration oveyi
in Eq. ~14! we multiplied the form factor shown in Fig. 5 b
yi

2 . Figure 5 shows that the two-neutron transfer form fac
decreases very fast with increasingyi ~in spite of multiplica-
tion by yi

2) due to the short-range potentials of the neutrona
interactionsV23 and V24, and it decreases slowly with in
creasingyf due to the weak slope of the wave function d
scribing two-neutron separation from thea core—fn(yf)
;exp(2A2m1(34)Esep/\

2yf)/yf , with Esep50.973 MeV.
This means that in the post representation of the transi

amplitude the argumentyi of the two-dimensional two-
neutron transfer form factor~16! reflects mainly the proper
ties of the interaction responsible for the transfer proce
while the argumentyf reflects the properties of the final two
nucleon bound state in the residual nucleus:F

n8

Jf M f(yf). In
particular, the dominant 2s structure of the two-neutron
center-of-mass motion in the6He ground state can be seen
Fig. 5 along the variabley8[yf . Thus, if we want to study
in detail the structure of a nucleus formed in the trans
reaction~ejectile!, we should use the post representation
the DWBA transition amplitude, integrating overyi and Ri
in Eq. ~14!. But, if we are interested first of all in the struc
ture of the projectile or target~for example, in the6He11H
reactions!, the prior form of the transition amplitude is pre
erable with DV5V13(yf1 x/2)1V14(yf2 x/2) in Eq. ~15!
and with an integration overyf andRf in Eq. ~14!. Below we
apply our four-body approach to a description of the tw
neutron transfer process in the4He~6He4He!6He and
1H~6He4He!3H reactions. In the first case the post and pr
forms of the transition amplitude are naturally identical, a
in the second one, with formation of a triton in the ex
channel, we choose the prior representation paying atten
just to the three-body function of6He. Of course, accurate
calculations of the DWBA transition amplitude~3! both
within post Eq.~4! and prior Eq.~5! representation should
bring us the same results if the wave functio
C i

(234)(x,yi)•xki

(1)(Ri) and C f
(134)(x,yf)•xk f

(2)(Rf) are the

exact eigen-functions of the HamiltoniansHi5H01V23

1V241Ui
OM and H f5H01V131V141U f

OM correspond-
ingly. However, since we use model three-body bound-s
wave functionsC i

(234) andC f
(134) ~see below!, the post and

prior transition amplitudes can differ somewhat from ea
other~see, e.g.,@11#!. This problem as well as other method
cal questions specific for the four-body three-dimentio
DWBA approach will be discussed in our forthcoming pap

G. 4He16Li elastic scattering

The 6Li nucleus has a three-body structure similar to th
of 6He @1#. The ‘‘deuteron halo’’ is somewhat less impre
sive because of the difference betweenn-n andn-p interac-
tions, but the deuteron separation energy from6Li is small
5-6
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also in comparison with neutron and proton separation e
gies, Ed

sep(6Li) '1.5 MeV, En
sep(6Li) '5.7 MeV, and

Ep
sep(6Li) '4.6 MeV, and the deuteron is loosely bound a

within 6Li. It means that6Li resembles features of6He,
moreover, its excited state 01(3.56 MeV) belongs to the
same isobaric triplet as6He ~g.s.! and 6Be~g.s!. So, we will
use the well-studied reactions induced by6Li as a starting
point for comparison of similar reactions induced by6He. In
@12# the elastic scattering of 166 MeV4He from 6Li was
measured in the full center-of-mass angular region, rep
duced in Fig. 6. The backward angle elastic scattering can
be described within the standard optical model and was
derstood as the exchange of a deuteron cluster between
a cores.

With the same optical-model parameters@12# ~set 1 of
Table I! we repeated the4He16Li elastic-scattering calcula
tion and got the rather good fit of the forward angle elas
scattering experimental data shown in Fig. 6. By no reas
able changes of these parameters can the backward a
yield of a particles be simultaneously described. The diff
ence between the calculated OM cross section of the po
tial elastic scattering and the backward experimental dat
about four orders of magnitude. This leads us to infer tha
this reaction the backward anglea particles are formed pref

FIG. 6. Elastic scatteringa16Li at Ea
lab5166 MeV. The dotted

curve shows the optical-model fit with the parameters from Tabl
The solid curve corresponds to the four-body DWBA calculation
‘‘ground state–ground state’’ deuteron transfer.
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erably in a ground-ground deuteron exchange process~1!,
where 1 and 2 area particles and~3,4! a deuteron. Using the
6Li ground-state wave function obtained in@1# and Gaussian
shape neutron-a and proton-a interactions with V0

Na5
247 MeV, b52.3 fm ~plus the Coulomb interaction in th
case ofVpa), we calculated the cross section of the tw
nucleon transfer process within our four-body approach„full
finite range~FR!1all recoil effects…, the solid curve in Fig. 6.
We should sum up coherently the amplitude of the poten
elastic scattering and the two-nucleon transition amplitu
with the formation of the residual nucleus in its ground st
to obtain the real elastic-scattering cross section in the wh
angular region

ds f i

dV
~u!;uTOM~u!1ASfSi•Tf i~p2u!u2. ~17!

However, at beam energies higher than 20 MeV/nucleon
backward elastic potential scattering cross section is foun
be several orders of magnitude smaller than the transfer c
section, see Fig. 6, and we can easily distinguish them. In
angular region of 80° – 100° there should be interference~not
calculated here! of the two different processes. At low bea
energies~less than 10 MeV/nucleon! such interference will
be important in a wide angular region. The analysis of
reaction will then be more complicated, and it will be diffi
cult to distinguish between the two processes. As can be s
from Fig. 6, the proposed three-dimensional four-body
proach to the direct two-nucleon transfer reactions enable
to obtain a rather good description of the transfer of a d
teron from the6Li nucleus to thea-particle target with for-
mation of the ground-state6Li ejectile. So, we will apply the
same approach to the analysis of similar reactions induce
the loosely bound Borromean nuclei like6He, 8He, or 11Li.

III. 6He14He COLLISION

In the Flerov Laboratory of Nuclear Reactions a seco
ary beam of6He with energy of 151 MeV was produced b
fragmentation of 32 MeV/nucleon7Li ions on a thick 9Be
target. The quality of the6He beam was rather good and i
intensity amounted to about 105 particles/s. The ions of6He
were separated with the ACCULINNA facility@13# commis-
sioned at the U-400M cyclotron. This experimental set
consists of two silicon detector telescopes and allows on
measure in coincidence two reaction products with a go
energy and angular resolution, about 100 keV and62°, re-
spectively. The first experiments with the6He beam were
done on 4He @4# and 1H targets@5#, and quite interesting
results have been obtained.

I.
f

TABLE I. Optical-model parameters for6Li14He and6He14He elastic scattering.

Set Elab~ MeV) V0
vol~ MeV) RV( fm) aV( fm) W0

vol~ MeV) RW( fm) aW( fm)

1,4He16Li 166 2102.5 1.78 0.820 211.8 4.11 0.950
2,6He14He 151 2102.5 1.78 0.920 213.0 3.85 0.500
3,6He14He 151 2102.5 1.54 0.904 27.0 4.28 0.569
5-7
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A. Elastic scattering and two-neutron exchange

The elastic scattering6He14He at beam energy of 15
MeV was measured at forward and backward center-of-m
angles@4#. Note, that the backward angle elastic scatter
cross section was extracted from the coincident events w
both the ejectiles (6He and 4He) were detected. A possibl
contribution of inelastic scattering is prevented by the f
that all the excited states in the collision partners,6He and
4He, are unstable with respect to particle emission. For
backward angles the total number of accumulated coincid
events allowed extraction of a differential cross sect
larger than about 0.01 mb/sr. The final experimental res
are shown in Fig. 7.

To analyze these results, we again first described the
ward angle data within the optical model. Unfortunately, t
available forward angle elastic-scattering cross sections w
only measured in a rather narrow c.m. angular region
17° – 59°. Thus, we cannot carry out a fitting of these d
which gives reliable OM potential parameters. Instead,
took as a starting point the OM potential that was found
4He16Li elastic scattering atElab5166 MeV @12#, see Table
I. The differential cross section calculated for the6He14He
system with these OM parameters is shown in Fig. 7 by
dotted line~curve 1!. The calculated curve falls below th
forward angle experimental points by about 30%. By a sm
adjustment of the OM potential parameters we were abl
eliminate this discrepancy as shown by the solid curve~2! in

FIG. 7. The6He14He elastic scattering atElab5151 MeV. The
dotted curve 1 shows the optical-model calculation with the sa
parameters as for6Li14He ~see Table I!, the solid curve 2 corre-
sponds to the OM fit with the parameters of set 2, and the d
dashed curve 3 was obtained with the real double-folding poten
of the 6He14He interaction proposed by Bayeet al. @14# and with
the imaginary part of set 2~Table I!. The dashed curve 4 shows th
result of the simplified calculation of the 2n-cluster exchange@Eq.
~18!#, and curve 5 is obtained within the four-body model of t
two-neutron transfer reaction@Eq. ~14!#.
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Fig. 7 which corresponds to the OM calculation with the ne
potential parameters listed in Table I, set 2. The variations
the OM parameters are, in view of the difference betwe
6He and 6Li, quite reasonable. Experimental data on t
elastic-scattering cross section in a wider forward angle
gion are required to obtain more reliable OM potential p
rameters of the6He14He interaction. Finally, we calculate
the elastic-scattering cross section with the real doub
folding potential proposed by Bayeet al. @14# for the
6He1 4He interaction. Note, that the depth of this doub
folding potential~299.72 MeV! is very close to the phenom
enological one~2102.5 MeV!. An imaginary part of OMP
was not proposed in@14# and we used the parameters of se
of Table I. The result of this calculation is shown in Fig. 7 b
the dot-dashed curve 3.

In the backward angular range ofuc.m.>130° the potential
elastic-scattering cross section calculated within stand
OM code is less than 1024 mb/sr and decreases with increa
ing angle, whereas experimental values are higher t
1021 mb/sr, i.e., about three orders of magnitude more.
was expected, there is no reasonable set of OM parame
that could reproduce the backward yield of the6He nuclei
observed at so high incident energy. A change in the ca
lated values of the differential cross section by a factor
3–10 for some local angular intervals in the backward he
sphere is the maximum that one can achieve by varying
OM parameters. This definitely means that the6He elastic-
scattering events observed in this backward angular reg
are in fact the result of two-neutron exchange with the4He
target nucleus.

Using the OM parameters of Table I~set 2! and the spin-
independent neutron-a interaction (V235V245Van) of
Gaussian shape with depth of247.32 MeV and widthb
52.4 fm, we calculated the cross section of the two-neut
transfer process in the reaction6He14Hẽ 4He16He ~g.s.!
within our more consistent four-body three-dimensional a
proach. Because the nuclei formed in this reaction are
same ones as in the entrance channel and they are in
ground states, the transfer reaction, in fact, manifests itse
an elastic scattering to the center-of-mass angleu5p
2uexch. As in the case of4He16Li ~Sec. II G!, we did not
sum coherently the amplitude of the elastic scattering and
transition amplitude of two-neutron exchange@see Eq.~17!#
because their values differ drastically at backward angle
uTOM(u;p)u!uTf i

DWBA(u;0°)u. At the angles of 80° – 100°
such interference would be very important and has to
taken into account if details of the angular distribution in th
region are to be reproduced. The two-neutron exchange c
section calculated with Eqs.~6! and ~14! is shown in Fig. 7
by the solid curve 5.

The first estimation of the two-neutron transfer cross s
tion was done in@4# within a simplified approach in which
the two neutrons in6He were treated as a cluster describ
by a wave function depending on theynn2a coordinate only.
The transition amplitude was taken in the form

Tf i
DWBA~k f ,k i !5^xk f

(2)~Rf !F2n
mod~yf !uV(2n)a~yi !u

3F2n
mod~yi !xki

(1)~Ri !& ~18!

e

t-
al
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and the normalized model 2n-cluster wave functionF2n
mod(y)

was calculated within a Woods-Saxon potentialV(2n)a with
radius of 2 fm and diffuseness of 0.5 fm. The depth of t
potential was adjusted to reproduce a 2s state with a two-
neutron separation energy of 0.973 MeV.

Comparison of the calculated values of the reaction cr
section ~made within the simplified 2n-cluster model and
within the four-body approach! with the experimental data
allows us to conclude that~i! the 2n2a configuration of the
6He nucleus with a weight close to unity, i.e., the spect
scopic factorS(2n)a(6He)'1 is compatible with the data
and ~ii ! the structure of this three-body configuration is s
ficiently well described by the wave function proposed
@1,8,9#, see Eq.~7! and Fig. 3. Comparison of the ‘‘three
body’’ transition amplitude~18! with the ‘‘four-body’’ one
~14! shows that the model 2n-cluster wave functionF2n

mod(y)
corresponds roughly to then(5N,l ,S)5(000) component
~normalized to unity! of the expansion~11!. Because this is
the main component of the real three-body wave function
the 6He bound state—see curve 1 in Fig. 4—the 2n-cluster
transfer cross section calculated with Eq.~18! does not devi-
ate drastically from the full calculation, see dashed line 4
Fig. 7. Both are compatible with the experimental data. D
of higher quality are needed for a more detailed assessm
of the success of our reaction model in this case.

B. Dynamics of 2n transfer reaction

By slightly varying the OM potential parameters and~or!
the parameters of the interactionsDV we could improve our
fit to the backward-angle experimental data in the tw
neutron transfer~see below!, but the rather large experimen
tal errors and the reaction cross sections limited to the an
lar interval of 125° – 158° does not justify this effort. Inste
we try here to dissect the mechanism and the dynamics o
reaction. For simplicity, hereafter we analyze the tw
neutron transfer cross section itself, i.e., the center-of-m
angular distribution of the ejectiles~here 4He) formed in the
reaction from the projectile nuclei6He, as one usually does
At the energies under consideration, such a reaction ang
distribution has a common forward direction.

1. Dineutron versus cigarlike component

First of all we tried to explore the sensitivity of the two
neutron transfer cross section to the double-peak sp
structure of6He, Sec. II D. From a common consideratio
the ‘‘dineutron’’ component should dominate in the tw
neutron transfer reactions, whereas the ‘‘cigarlike’’ config
ration can be preferable in reactions with only one neut
being initially stripped from6He. These two possible con
figurations are present simultaneously in the bound-s
wave function of 6He ~7! and cannot be clearly separate
They reflect simply the monopole nature of 1p states occu-
pied by the two valence neutrons of6He. This is especially
clear within the cluster-orbital shell-model approximati
~COSMA! @1,15,16#. Switching off the neutron-neutron in
teraction and introducing one-particle oscillator functions
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neutron-core relative motionf nl(r k);r k•exp(2brk
2)(k51,2)

we can write the6He bound-state wave function in the fo
lowing approximate form:

C00~r1 ,r2!5(
m

~1m12mu00!• f 11~r 1!• f 11~r 2!•Y1m~ r̂1!

•Y12m~ r̂2!•XS50

;~r1•r2!e2b(r 1
2
1r 2

2)

;@y22~x/2!2#e22b[ y21(x/2)2] , ~19!

wherey5(r11r2)/2 is the position of the two-neutron cente
of mass relative to thea core andx5r12r2 is the distance
between the neutrons, i.e.,y andx are the same coordinate
as in Eqs.~7! and~9! and in Fig. 3. So, as can be easily se
from Eq. ~19!, in the absence of theVnn interaction theL
5S50 COSMA model function has a spatial correlatio
density with two distinguishable maxima of equal height a
only the neutron-neutron interaction makes the dineut
component of the6He bound-state wave function more pr
nounced.

To find the contributions of these two peaks to the tw
neutron transfer cross section we have to project in so
way the total wave function~7! onto the dineutron and cigar
like configurations. As can be seen from Fig. 3 and Eq.~19!
the two configurations are located on the different sides
the nodal liney5gx (g51/2). Introducing the coordinate
j5(gx2y)/A11g2 which changes along the path orthog
nal to the node liney5gx, we may define operatorsP̂din

5@11exp(j/j0)#
21 and P̂cig(512 P̂din)5@11exp

(2j/j0)#
21, which approximately divide the total three-bod

wave function~7! into dineutron and cigarlike parts

C6He~x,y!5C 6He
din

1C 6He
cig [ P̂dinC 6He1 P̂cigC 6He. ~20!

To avoid the artificial oscillations that a sharp cutoff wou
introduce, we use the Fermi-type projection given abo
Although the two components are not orthogonal to ea
other, their overlap is found to be less than 12% if we cho
thex-independent parameterj050.65 fm or less, see Fig. 8

FIG. 8. Correlation density plots for the ground state of6He
projected onto the dineutron~left! and cigarlike~right! configura-
tions, see Eq.~20! of the text.x is the distance between two valenc
neutrons andy is the distance from thea core to the (nn) center of
mass.
5-9
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Inserting the wave functionsC 6He
din

5 P̂dinC 6He and C 6He
cig

5 P̂cigC 6He separately into the transition amplitude~3! in-
stead ofC f

(134)(x,yf) and keeping the total wave function fo
C i

(234)(x,yi) ~to keep the normalization!, we calculated
the contributions of the dineutron and cigarlike configu
ations to the two-neutron transfer cross section of
4He~6He,4He!6He reaction. Figure 9 shows that the cont
butions of the two components are quite different. At all t
forward angles the dineutron configuration of6He regulates
the two-neutron transfer reaction. This reflects both the la
weight of this configuration in the ground state of6He and a
predominant surface localization of the two-neutron trans
process, leading to forward emission of the ejectiles. W
increasing scattering angle~i.e., with increasing transferre
momentum! the contribution of smaller impact parameters
the transfer cross section becomes larger and the role o
cigarlike configuration~located closer to the core! increases.

2. Mean-field focusing and shadowing

Figure 2 shows that the distorted wave of6He elastically
scattered from4He reflects both refractive and absorpti
properties of the OM potential. The de Broglie waveleng
of 6He24He relative motion is about 1.2 fm at laborato
energy of 151 MeV. Therefore, classical features of the m
tion have to be noticeable, in particular, the field of the cl
sical trajectories~shown in Fig. 10! should define the ampli
tude of the wave function@7#. For light nuclei like 6He
14He the attractive part of the interaction dominates at l
energies, leading to deflection of the particles mainly
negative angles, see Fig. 10. It means that the grazing a
so specific for heavy-ion collisions, is close to zero here a
the grazing impact parameter is about 6 fm, i.e., greater t
the sum of the radii of the colliding nuclei. The maxim

FIG. 9. The 4He~6He,4He!6He~g.s.) two-neutron transfer reac
tion atElab5151 MeV. The dashed curve 1 is the contribution to t
cross section coming from the dineutron configuration of6He and
the dotted curve 2 is the contribution of the cigarlike compon
~see the text!.
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negative deflection angle~the ‘‘nuclear rainbow’’ angle! is
about 247° and corresponds to impact parameterbR
'2.6 fm at which the colliding nuclei strongly overlap an
leave the elastic channel. Focusing of the trajectories on
beam axis in the region behind the target leads to the cau
cusp surface and to a sharp increase of the amplitude o
distorted wave in this region.

Absorption~caused by channel coupling and simulated
the imaginary part of the OMP! reduces the contribution o
those trajectories which go through the region of strong
teraction. In the case of6He14He scattering such absorptio
is not so large, the shadow behind the absorptive spher
not completely black, and the focusing effects of the attr
tive interaction remain visible, see Figs. 11 and 2. Beca
xk

(2)* 5x2k
(1) , the shadow of the outgoing distorted wave

located in front of the absorptive sphere, and, as a res
there are four spatial regions giving the main contribution
the transition amplitude~14!. Two of them~1 and 3 in Fig.
11! are due to comparatively weak absorption and focus
effects which are specific features of light ion scatterin
Regions 2 and 4 are of common nature and correspond to
so-called ‘‘near-far’’ decomposition of the transition amp
tude. Choosing the direction of the outgoing particle~moving
along k f) as ‘‘positive,’’ we see that the outgoing wav
originating from region 2 corresponds to negative deflect
and those from region 4 correspond to positive deflecti
Taking into account that the interaction potential of6He and
4He is not able to deflect the nuclei into positive angles
the energy of 150 MeV~see Fig. 10!, the contribution of

t

FIG. 10. Classical trajectories~a! and deflection function~b! of
the 6He14He elastic scattering atElab5151 MeV. The shadowed
circle shows the radius of the absorptive potential~see Table I!.
5-10
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DYNAMICS OF TWO-NEUTRON TRANSFER REACTIONS . . . PHYSICAL REVIEW C 60 044605
region 4 to the transfer cross section has to decrease
increasing exit angle and faster than the contribution com
from region 2~see below!.

Here we pay special attention to the contributions of
gions 1 and 3 to the total transfer cross section. We do
because we do not know the real mechanism of absorp
~to know it we have to solve the problem of channel coupl
involving the Borromean continuum!, and the imaginary par
of OMP can only simulate in some approximate way a
duction of outgoing flux in the elastic channel at infinit
Moreover, we cannot confirm confidently that parameters
the absorptive potential~see Table I! have precisely their
values, because available experimental data on elastic
tering of 6He14He are insufficient for a conclusive param
eter fitting. Thus, the real shadowing could be somew
different from that shown in Fig. 11. In particular, if w
eliminate the contributions of regions 1 and 3~strong absorp-
tion, complete shadowing the focusing effect!, then the total
transfer cross section has a strong oscillation behavior at
ward angles originating from interference of the waves co
ing from regions 2 and 4, see Fig. 12. The focusing effe
and weak absorption leading to ‘‘incomplete shadowin
~regions 1 and 3! are rather important features of nucle
reactions with light ions.

3. Spatial localization of the reaction

Using our ‘‘four-body three-dimensional’’ approach with
out expansion of all the functions over partial waves~a pro-
cedure, which, as a rule, hides the dynamics of the proce
many partial waves have to be taken into account!, we can
easily and directly analyze spatial localization of the tw
neutron transfer reaction and also the dominant spatial c

FIG. 11. Shadow regions of incoming~from the left! and out-
going distorted waves in the6He14Hẽ 4He16He transfer reac-
tions atElab5151 MeV. In the shadowed regions the amplitudes
distorted wavesxk i , f

(6)(R) are less than12 . In regions 1 and 3 incom-
ing and outgoing distorted waves are focused by the attractive
teraction of6He with 4He, see Fig. 2.
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figurations of the four-body system, thus focusing on t
main contribution to the cross section at different angles
particular, by restricting the integration overRi in transition
amplitude~14! to some part of the total space, we can es
mate a probability for the process to occur just in this part
space. Of course, such restriction of integration has to
done quite accurately to avoid artificial oscillations of t
result appearing in any sharp cutoff procedure. For this p
pose, we used a smooth cutting functionf (R) equal to unity
in a given part of the space and gradually going to zero at
boundary. This function should everywhere fulfill the cond
tion uD f (R)u•l,1, wherel is the de Broglie wavelength.

First of all we made the so-called ‘‘near-far’’ decompos
tion of the transition amplitude, integrating in Eq.~14! sepa-
rately over the ‘‘upper hemisphere’’ of the space and o
the ‘‘lower hemisphere’’ defined relative to the direction
the outgoing particlek f , see Fig. 11. From a classical traje
tory point of view the processes happening in the ‘‘upp
hemisphere’’ are caused mainly by the trajectories deflec
to the positive direction in entrance or exit channels~‘‘near’’
part of the outgoing wave!, and those in the ‘‘lower hemi-
sphere’’ are due to the trajectories deflected to the nega
angles~‘‘far’’ part of the amplitude!. Of course, for the angle
u f50o these parts are equal. With increasing angleu f the
‘‘near’’ and ‘‘far’’ parts of the amplitude behave differently
depending mainly on the interactions of the nuclei in e
trance and exit channels.

In our case the repulsive part of the interaction betwe
6He and 4He is very small and can give a deflection
positive angles of no more than 1°—see the deflection fu
tion in Fig. 10. So, the near part of the transition amplitu

f

n-

FIG. 12. Contributions of the focusing regions 1 and 3~see Fig.
11! to the 4He~6He,4He!6He~g.s.! two-neutron transfer reaction a
Elab5151 MeV are shown by dotted curves 1 and 3 correspo
ingly. The dashed curve shows the cross section obtained in
limit of strong absorption, i.e., with the ‘‘black’’ shadow in region
1 and 3~see the text!, whereas the solid line shows the total cro
section obtained with OMP parameters from the Table I, set 2.
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~i.e., the contribution of the upper hemisphere! is caused
mainly by quantum effects, i.e., by diffractive trajectori
and has to decrease faster than the ‘‘far’’ part of the am
tude, because there are real classical trajectories going t
negative direction up to the nuclear rainbow angleuR

N'
247°. Our calculations presented in Fig. 13, where the c
tributions of upper and lower hemispheres of the total sp
are shown, confirm this suggestion. The dominant contri
tion to the 2n-transfer process in the4He~6He,4He!6He reac-
tion comes from region 2 of Fig. 11 due to the dominant r
of the attractive interaction of6He and 4He.

Direct calculation of the six-dimensional integral~14! al-
lows us to obtain even more interesting information ab
preferable configurations of the four-body system~see Fig.
1! to the 2n-transfer reaction. Selection of a definite config
ration can be easily done by inserting an additional condit
into the multidimensional integral. If we fix, for example, th
condition yi

2.R12
2 1yf

2 then we choose the configuration
where the 2n-center of mass and thea-particle core of6He
are located on opposite sides of the target, see Fig. 1 and
3 in Fig. 14. Due to the long tail of the6He wave function in
the channel 2n14He we could suppose that quite unusu
configurations of the total system can contribute to
2n-transfer reaction. However, we found that just the e
pected configuration of the system, where the transfe
neutrons are located between two heavy cores, dominat
the 2n-transfer reaction~Fig. 14!.

4. Dependence on OM potentials

As mentioned above, the present experimental inform
tion is insufficient to fix unambiguously the parameters

FIG. 13. Spatial localization of the4He~6He,4He!6He~g.s.! two-
neutron transfer reaction atElab5151 MeV. The dashed curve is th
contribution to the cross section coming from the ‘‘lower hem
sphere’’~relative to the positive outgoing angleu f , see the insets!,
and the dotted curve shows the contribution of the ‘‘upper he
sphere.’’ The solid curve corresponds to integration over the wh
space.
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OM potential for the6He14He elastic scattering. The avai
able experimental data at 25 MeV/nucleon@4# ~see Fig. 7!
allows us to conclude that this potential can be taken fr
the same potential family~depth-radius! as for the6Li14He
elastic scattering~Table I! but within the same potential fam
ily we need to adjust the parameters of OMP to fit elas
scattering in a wide angular region. The cross section m
sured in the rather narrow angular region of 17°259° ~Fig.
7! can be fitted more or less accurately with different OM
parameters, in particular, with the two sets~2 and 3! of Table
I.

It is well known that transfer reaction cross sections
sensitive to the OMP parameters which are used to calcu
the distorted waves entering the DWBA transition amplitud
Changing these parameters we can change the 2n-transfer
cross section by a factor 2 or 3~Fig. 15!. Of course, playing
with these parameters within reasonable intervals, we co
also obtain much better agreement between calculated
experimental 2n-transfer cross sections. This is not ve
meaningful because both the experimental data on ela
scattering and on 2n-transfer reaction in the6He14He col-
lisions are measured within narrow angular regions and w
an angular resolution of about63°. We hope that in the nea
future new experimental data on the6He14He scattering
will be obtained to eliminate some ambiguities in their inte
pretation. Note that experimental data on elastic scatterin
6He14He at several different energies~measured in a wide
angular region! are desirable to fix finally the OMP param
eters for these nuclei.

IV. THE 6He11H˜

4He13H REACTION

A hydrogen target may be the most preferable for stu
ing the structure and spatial configurations of exotic nucle

i-
le

FIG. 14. Contributions of the different spatial configurations
the four-body system to the cross section of t
4He~6He,4He!6He ~g.s.! two-neutron transfer reaction a
Elab5151 MeV. Curves 1–3 correspond to the different configu
tions ~shown in inset! of two a particles and two neutrons durin
the transfer process.
5-12
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medium energies. In this case transfer reaction channels
easily distinguished from elastic scattering. The short ra
of the proton-neutron interaction and sufficiently small
dius of 3H should lead to an enhanced selectivity of trans
reactions to the two spatial configurations in6He ~the dineu-
tron and cigarlike!. We may expect, for example, that i
peripheral collisions only closely located neutrons in6He
could be captured by the proton~with formation of 3H in its
g.s.! with a large probability. Simultaneous measurement
1n transfer cross sections in this reaction gives additio
information on collision dynamics and on the structure
6He.

However, some difficulties arise in the theoretical analy
of the 1H~6He,4He!3H reaction. TheQ value is rather large
(17.51 MeV) and can influence considerably the react
mechanism at low energies. The effective OMP interact
of 4He with 3H in the exit channel is badly determined, b
plays an important role in description of the angular dis
bution of the 2n transfer reaction. Finally, the reactio
mechanism in a light nuclear system is generally not
simple.

Elastic scattering, one-neutron, and two-neutron tran
cross sections in collisions of6He with a hydrogen targe
have been recently measured in Dubna at laboratory en
of 151 MeV @5#. The 2n transfer cross sections are shown
Fig. 16 and compared with corresponding data on deute
transfer in the6Li( p,3He)4He reaction, obtained previousl
in @17# at just the same energy.

Three main differences between the two reactions can
seen from the data.

~1! The forward-backward angular asymmetry in t
1H~6He,4He!3H and 6Li( p,3He)4He reactions is opposite
Note, that the dominant yield of3He at backward angles in
the 6Li( p, 3He)4He reaction is mainly due to transfer of3H
from 6Li, whereas the deuteron transfer contributes mai
to the forward angle emission of3He in this reaction@18#.
So, it seems~even without calculation! that 3H13H cluster-

FIG. 15. Dependence of the 2n-transfer cross section on th
optical-model parameters. The solid curve was calculated with
OMP parameters of set 2 of the Table I, whereas the dashed c
was calculated with the parameters of set 3.
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ization in the 6He g.s. is less probable than the correspo
ing 3H13He configuration in6Li.

~2! The oscillations of the angular distribution in th
1H~6He,4He!3H reaction are much more pronounced than
6Li( p, 3He!4He. This may indicate a more ‘‘pure’’ reactio
mechanism and betterl matching~zero angular momentum
transfer! in the 1H~6He,4He!3H reaction, because a cohere
sum of the contributions coming from different reactio
mechanisms and sum over magnetic numbers of transfe
angular momentum usually tend to smoothen an interfere
structure in angular distributions of transfer reactions.

~3! The absolute value of the available 2n transfer cross
section in the forward hemisphere in the1H~6He,4He!3H re-
action is significantly larger than the deuteron transfer cr
section from the6Li at the same energy of 25 MeV/nucleon
This could be related to more spreading of the 2n halo wave
function in 6He compared with the more bound deuter
state in 6Li.

A. Elastic scattering of 6He11H and OM parameters

The problem of elastic scattering of6He from different
target nuclei is very interesting in itself for better understan
ing of the influence of the halo neutrons on refractive a
absorptive properties of the corresponding OM potentia
Polarization effects are expected to be large due to
weakly bound and far extended neutron halo in6He. Except
for very high energies there are, however, only a few exp
mental data on elastic scattering of6He from hydrogen tar-
get, measured at the energies of 41.6@19# and 71@20# MeV/
nucleon. In both cases the angular distribution was meas
only in the region of forward angles (10° – 50° in the cent
of-mass system! and can hardly be used for fitting the OM
parameters. New data on the6He11H elastic scattering at 25
MeV/nucleon were obtained in Dubna@5# in a sufficiently

e
ve

FIG. 16. Experimental data on the 2n transfer cross section in
the 1H~6He,4He!3H reaction atEc.m.521.6 MeV @5# ~solid circles!,
and on deuteron transfer in the6Li( p, 3He)4He reaction at
Ec.m.521.4 MeV @17# ~open circles!.
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wide angular range shown in Fig. 17, and allows us to ad
more or less accurately the corresponding OM potential.

Fitting the data we started from two initial sets of O
parameters: the OM parameters obtained for the6Li1p scat-
tering system at the same energy@22# and the so-called glo
bal nucleon-nucleus OM parametrization CH89@21#. As a
result, we found two sets of OM parameters, listed in Ta
II, which describe the available data on the6He11H elastic
scattering with equal accuracy. Nevertheless, new data on
6He11H elastic scattering in a wider angular range and
several beam energies are quite desirable to make a
conclusion about OMP for this system. Set 1 of Table II
used below to generate the distorted wavexki

(1)(Ri) in the

entrance channel of the 2n transfer reaction1H~6He,4He!3H.

B. OM potential for 4He13H

Unfortunately, the situation with elastic scattering of n
clei like 3H or 3He from 4He at lower energies turns out t
be less clear than might have been expected after many y
of studying these nuclei. We cannot find data on elastic s
tering of tritons froma particles, at center-of-mass energi
around 30 MeV, and only a few sources on3He14He elastic
scattering. Thus, OM parameters for these systems are
badly determined. Note, also, that many attempts to fit
experimental data on the3He14He elastic scattering at low
energies within standard OM calculations were unsucces
~see, for example,@23#!. An agreement as good as fo
nucleon-nucleus elastic scattering or for3H~3He) elastic
scattering from heavy nuclei was not achieved. Moreove
was found that only OM potentials with unusually small d
fuseness of their real parts could account for essential
tures of the observed angular distributions in these light s
tems@24,25#.

FIG. 17. Elastic scattering of6He on hydrogen target atE/A
525.2 MeV. Solid and dashed curves show the best fits within O
~set 1 and 2 of Table II respectively!. Experimental data are from
@5#.
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We repeated the fitting of OM parameters using expe
mental data on elastic scattering of3He14He at center-of-
mass energies of 17 MeV@26# and 23.4 MeV@27#, which
were not fitted previously within the standard optical mod
see Fig. 18. As usual, we found a discrete and continu
ambiguity in the depth-radius values and fixed the depth
the real part toV052130 MeV for both energies. We did
not succeed in describing accurately the experimental d
but the best agreement was again achieved only with a v
small diffuseness of the real part and with a large radius
the imaginary part of the OM potential. OM paramete
found in this way are listed in Table III~sets 1 and 2!,
whereas set 3 is taken from@24#. The small diffuseness of the
real part of the OM potential means a large refractive abi
leading to a large cross section at backward angles and
strong interference in angular distributions, which, in fa
can be due to some exchange process. Strong angular

FIG. 19. Spatial correlation density plot~left! and the compo-
nents of the3H ground-state wave function corresponding to t
relative motion of the two-neutron pair and the proton, see Eq.~23!.
The curves 1–3 correspond to the states with quantum num
NlxS5(000), ~200!, and~400!.

FIG. 18. Elastic scattering of3He14He atEc.m.517.1 MeV@26#
~open circles and dashed curve! and 23.4 MeV@27# ~solid rect-
angles and solid curve!.
5-14
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TABLE II. Optical-model parameters for the6He11H elastic scattering at 151 MeV beam energy.

Set Vvol

~MeV!
RV

~fm!
aV

~fm!
Wvol

a

~MeV!
RW

a

~fm!
aW

a

~fm!
Wsurf

~MeV!
RW

~fm!
aW

~fm!
Vso

a

~MeV!
Rso

a

~fm!
aso

a

~fm!

1 240.7 2.11 0.573 23.81 2.80 0.931
2 245.4 1.80 0.612 22.6 2.00 0.690 23.47 3.20 0.772 25.9 1.23 0.630

aThese parameters correspond to the global nucleon-nucleus OMP parametrization CH89@21# and were fixed
during the fit process.
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mentum dependence of the effective interaction~not in-
cluded in standard OM potential! can also lead to unusua
behavior of elastic scattering, because in light system
energies up to several tens of MeV/nucleon only a few p
tial waves define completely the angular distribution of
elastic cross section.

C. Three-body wave function of 3H ground state

To describe the two-nucleon transfer reactions within
four-body approach, we need also to calculate a three-b
bound state wave function of the3H g.s. formed in the exit
channel. This wave function is not of our main interest~in
contrast to the6He wave function! and was supposed to hav
a simple Jastrow form@28,29# for the radial part~see nota-
tion of coordinates in Fig. 1!

C
3H

(134)
~x,y!5A•gnn~x!•gpn~y2x/2!•gpn~y

1x/2!•XS50
nn

•x1/2
p ~s!, ~21!

where gi(z)5(e2a i z2e2b i z)/Az, x1/2
p is the proton spin

function, andA is a normalizing coefficient. The short- an
long-range parametersa i andb i are chosen to reproduce a
appropriate asymptotic behavior of the wave function an
realistic radius of the 3H nucleus: apn

5A 1
3 (m/\2) Ep

sep(3H), ann52A1
3 (m/\2) En

sep(3H)2apn ,

wherem is the nucleon mass. This givesC3H
(134) (x fixed,y

˜`);exp(2A(2m/\2) Ep
sepy)/y andC3H

(134)(x˜`,y5x/2)

;exp(2A(2m/\2) En
sepx)/x, wherem5 2

3 m. The quantities
apn and ann are not identical and, thus, the wave functi
C 3H

(134) is not symmetrical in the interchange of proton a
neutron, but, in fact,apn'ann and such asymmetry is ver
small and cannot noticeably influence the transition am
tude.

The long-range parametersb i are chosen in accord
ance with the rms matter radius of 3H,

i.e., ^R2& 3H5 1
3^C3H

(134)u( i 51
3 r i

2uC 3H
(134)&5 1

3 ^C 3H
(134)u 1

2 x2

1 2
3 y2uC 3H

(134)&, wherer i are the triton c.m. nucleon coord
04460
at
r-

r
dy

a

i-

nates, i.e.,r11r21r350. We found that the valuesbpn
5bnn54.4 fm satisfy this condition giving an rms matte
radius^R& 3H'1.56 fm. As in the case of6He ~see Sec. II E!
the 3H bound-state wave function can be decomposed o
the complete set of the two neutron relative motion wa
functions~10!, giving the same decomposition~11!, but with
much simpler angular momentum coupling (S5L5 l x50)
and with the following resulting functions for the relativ
motion of the proton and the two neutrons:

FN,l x50,S50
1/2,s ~y!5fNlx50~y!Y00~ ŷ!•x1/2

p ~s!, ~22!

fN,l x50,S50~y!5~A/A4p!

3E f Nlx50
~x!•gnn~x!•gpn~y

2x/2!•gpn~y1x/2!d3x. ~23!

The correlation density plot for the ground state of3H
calculated in accordance with Eq.~9! and the functions
fNlx

(y) are shown in Fig. 19 and can be compared with

corresponding components of the6He bound state shown in
Fig. 12. For 3H the 1s state ofp-2n relative motion is, as
expected, the dominant component.

D. Dineutron transfer

Using the prior form of the DWBA transition amplitud
~5!, three-body ground-state wave functions of6He ~7! and
3H ~21!, and three-dimensional distorted waves generated
OM potentials with parameters from Table II, set 1~entrance
channel! and Table III, set 1~exit channel!, we calculated the
differential cross section of the 2n transfer reaction
1H~6He,4He!3H shown in Fig. 20. We used a proton-neutro
interaction V135V14 of Gaussian shape with245 MeV
depth and 1.7 fm width, and a proton-a interactionV12 of
Woods-Saxon shape with parametersV05243 MeV, R
51.984 fm, anda50.25 fm proposed in@30#.
TABLE III. Optical-model parameters for the3He14He elastic scattering.

Set Ec.m.

~MeV!
Vvol

~MeV!
RV

~fm!
aV

~fm!
Wvol

~MeV!
RW

~fm!
aW

~fm!
Vso

~MeV!
Rso

~fm!
aso

~fm!

1 23.4 2130 1.64 0.217 21.8 2.1 0.700
2 17.1 2130 2.58 0.177 21.6 5.4 0.800
3 18.0 2173 2.28 0.145 21.1 5.3 1.050 21.0 2.28 0.145
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Favorable agreement with the experimental data~both in
absolute value and angular distribution! makes us conclude
again that the three-body model wave function~7! describes
adequately the ground state of6He and that the spectro
scopic amplitude of the three-body configuration is close
unity. As was expected, the probability for a proton
pickup two neutrons from6He with formation of the3H
nucleus is much greater in the case when these two neu
are located close to each other. This leads to striking do
nance of the dineutron configuration of6He in the 2n trans-
fer reaction 1H~6He,4He!3H as seen in Fig. 20. In contras
with the 4He~6He,4He!6He reaction, the cigarlike configura
tion of 6He makes here a negligible contribution to the 2n
transfer reaction in the whole angular region.

Like in Sec. III B 3, here we also looked for which fou
body spatial configurations (p1a12n) bring the main con-
tributions to the cross section of the 2n transfer reaction
1H~6He,4He!3H. Comparing with the 6He14He collision
~Fig. 14! we found that though the configurationa-2n-p
~see the corresponding case 1 in Fig. 14! regulates the 2n
transfer cross section, the configurationa-p-2n ~where the
proton moves very close to thea core in central collisions!
also makes a noticeable contribution to the reaction at ba
ward angles.

Note, finally, that the optical model potential in the ex
channel (3H14He) is the most uncertain quantity in our ca
culations of the1H~6He,4He!3H transfer reaction cross sec
tion. It is expected that OM potentials of3He and3H ought
to be close to each other. We found that only those O
potentials which describe rather well the angular distrib
tions of elastic scattering of3He14He ~see Table III and Fig.
18!, give simultaneously a reasonable agreement with
cross section of the two-neutron transfer reaction. In spite
some differences, the transfer cross sections, calculated

FIG. 20. Cross section of the 2n transfer reaction
1H~6He,4He!3H at Ec.m.521.4 MeV @5#. The calculated cross sec
tion is shown by the solid line, whereas the dashed and dotted
show the contributions of the dineutron and cigarlike configurati
of 6He to the process.
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the different OM potentials of3H14He, have similar angular
behavior and close absolute values. It means that our m
conclusions about reaction dynamics obtained above
quite reliable. However, experimental data on the3H14He
elastic scattering at c.m. energies of about 30 MeV/nucl
are desirable for eliminating present uncertainties and
better understanding of the main reasons for the differe
between the calculated and experimental two-neutron tra
fer cross sections. In particular, the transfer cross sectio
forward angles~not measured yet experimentally! was found
to be very sensitive to the imaginary part of the OM poten
in the exit channel, decreasing with increasi
WOM~3H14He).

V. THE 8He14He COLLISION

The structure of8He is more complicated and is less u
derstood than that of6He. The multineutron transfer reac
tions could help us to understand better the dominant c
figurations of this nucleus. In particular, the measurement
1n, 2n, 3n, and 4n-transfer reaction cross sections wi
subsequent analysis within a few-body model would sup
us with direct information on spectroscopy of the (4He13n
11n), (4He12n12n), (6He12n), and (4He14n) configu-
rations in 8He. All these transfer reactions should be pe
formed with accurate selection of exit channels, i.e., in co
cident experiments, to distinguish the two-body prima
reaction channels from the others. Incident energies sho
not be too high, to allow us to measure the cross section
multineutron transfer reactions at low intensity second
beam of 8He.

Preliminary estimations of the8He14He elastic scattering

FIG. 21. Potential elastic scattering of8He from 4He at differ-
ent incident energies~curves! and estimated upper limits of the 4n
exchange contribution to the elastic scattering at backward angl
E/A520 MeV ~solid circle!, and 30 MeV~open circle!.
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cross sections are shown in Fig. 21 for the energy interva
5–35 MeV/nucleon. The upper limits of the tetraneutr
transfer cross sections~manifested in elastic scattering
backward angles due to symmetry of the entrance and
channels! calculated at energiesE/A520 and 30 MeV are
also shown in this figure. From these results we may c
clude the following:~i! The 4n-transfer reaction cross sec
tion in the 8He14He collisions can be easily distinguishe
from potential scattering at energies of about 20 Me
nucleon and higher.~ii ! With increasing beam energy th
4n-transfer reaction cross section decreases~one order of
magnitude with each 10A MeV!. ~iii ! At beam energies
lower than 10 MeV/nucleon the 4n-exchange process cann
be easily separated from potential scattering at backw
angles. It means that some other target has to be chos
study this process at low energies.

Comparing the absolute values of the 4n and 2n transfer
cross sections~with formation of two 6He nuclei in the exit
channel in the last case!, we are already able to conclud
about the dominant valence neutron configuration in8He.
The first experiments of this type are now being prepare
FLNR ~Dubna!.

VI. SUMMARY

A new four-body three-dimensional DWBA approach h
been developed for the description of two-nucleon trans
reactions 11@2(34)#˜@1(34)#12, in which the three-body
nature (core1two valence nucleons) of the bound-sta
wave functions of projectile and ejectile are the main s
jects of investigation. By focusing on the spatial localizati
of distorted waves as well as bound states, the 2n-transfer
process in collisions of6He with 4He and hydrogen target
has been analyzed in detail, testing the three-body struc
.
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of the Borromean nucleus6He against available experimen
tal data as on elastic scattering of6He from 4He and1H and
on 2n transfer cross sections atE/A525 MeV.

Although the angular range and statistics of the d
should be improved, comparison of calculated and exp
mental cross sections for the two reactions and analysi
the 2n transfer reaction dynamics argue for the followin
conclusions.~i! A predominant three-bodyn2n2a configu-
ration of 6He is consistent with the data, justifying the lab
Borromean, i.e., the spectroscopic factorS(2n)a(6He)'1. ~ii !
The spatial dineutron component of this three-body confi
ration dominates in 2n transfer reactions induced by6He at
energies higher than 10 MeV/nucleon. This dominance
especially striking in the case of a hydrogen target.~iii !
3H13H clusterization in6He seems to be much less pro
able compared with the3H13He configuration of6Li. Al-
though our consistent DWBA studies compare well w
available data, there are noticeable deviations concerning
tails. A substantial sensitivity to optical potentials is al
present. Thus it is of interest to investigate channel coupli
involving the low-lying 6He continuum. Work to this end is
in progress, with form factors based on three-body c
tinuum states as well as the ground state of6He.

We have also via preliminary estimates indicated that
periments on 4n and 2n transfer reactions at beam energi
of 10–30 MeV/nucleon could be very useful for probing t
five-body structure of the extremely neutron-rich doub
Borromean8He nucleus.
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